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I. INTRODUCTION
Enormous research efforts into areas such as materials performance properties, wire conductor development, and magnet demonstrations have been going on in the MgB 2 field since its discovery in 2001. 1 It is well known that the critical current density ͑J c ͒ of pure MgB 2 is drastically decreased with an increasing external magnetic field because of its poor flux pinning properties, when compared to high temperature superconductors. Quite interestingly, however, unique features of the superconductivity observed in the MgB 2 are related to its two-band nature and the lack of weak links at the grain boundaries. 2 In addition, the advantages of the simple binary composition, the transition temperature of 39 K, and the low cost of the starting materials have been sufficient to put it on the road to real applications.
So far, our group has achieved improvements in the critical current density ͑J c ͒ and upper critical field ͑B c2 ͒ through ball-milling processing. As the first step, the effects of ball milling pure boron ͑B͒ powder ͑99%, amorphous͒ using different media, such as acetone, ethanol, and toluene, were studied. Using toluene led to enhancements in the magnetic critical current density ͑J cm ͒ in high field. 3 For the second step, we prepared samples from low grade boron ͑96%͒ with semicrystalline phase via ball milling in toluene as well. The results of this have demonstrated the possibility and cost effectiveness of fabricating high performance samples using low grade boron. 4 All previous reports in the literature have been directed toward finding effective means of reducing the strong field dependence under high field. However, the low field performance might be further improved to attain a particular level, for example, Ͼ10 6 A cm −2 . It is well known that the critical current density in self-field decreases due to the degradation of the connectivity between grains. 5 In particular, the initial magnesium ͑Mg͒ and B powders that we previously studied in pellet form are loosely connected before the reaction. After heat-treatment, even if reacted MgB 2 is expected to be more consolidated, it is likely to have some porosity, depending on the packing conditions in in situ processing. 6, 7 Therefore, it would be hard to estimate the connectivity factor from those pellet samples. What is important is that the results on our bulk samples still gave us the possibility that low grade 96% B powder can be adopted for industrial applications. For conductors, the powder-in-tube ͑PIT͒ method is very common, in which a metallic sheath is packed with powders and then is drawn. In the wire conductor, the relative amount of porosity is decreased due to mechanical deformation, which results in improved core densification, unlike what is seen in pellet samples. Therefore, we need to evaluate the correlation between the transport current density and the grain connectivity in wire conductor. In addition, there are some more detailed reasons for this study. The transport critical current density ͑J ct ͒ is the real useful J c that flows through the whole of the sample, while the magnetic critical current density ͑J cm ͒ overestimates the real J c at low fields and underestimates it at high fields. 8 crystals. 9 Some simulations show that major defects in the superconducting core will have an affect on the transport current. 10 In the present work, therefore, studies of the transport critical current density ͑J ct ͒ and grain connectivity of the MgB 2 / Fe wires fabricated from ball-milled boron have been conducted in detail, and strong correlations have been found. We evaluated the superconducting properties of MgB 2 / Fe made from low-grade 96% commercial boron powder with a strong crystalline phase. The particle size of the boron, the transport and the magnetic critical current densities ͑J ct and J cm ͒, the critical temperature ͑T c ͒, the residual resistivity ratio ͑RRR͒, the upper critical field ͑B c2 ͒, the irreversibility field ͑B irr ͒, and the microstructures of MgB 2 made from ballmilled boron are presented in comparison with reference samples made at different sintering temperatures.
II. EXPERIMENTAL METHODS
MgB 2 / Fe monofilament wires were prepared by an in situ reaction process and the PIT method. Boron powder ͑96% purity, ϳ0.65 m, crystalline, Tangshan WeiHao, China͒ and that was processed by ball milling, with toluene as the ball-milling medium. The ball-milling process was carried out for 12 h at a rotation speed of 160 rpm. The powder to ball ratio was 1: 16 in a planetary ball mill with an agate jar and balls 5 mm and 10 mm in size. The powders were then dried in a vacuum oven to evaporate the toluene. For our experiments, two kinds of boron powder were prepared, with and without ball milling: these are denoted by BP96 and P96, respectively. Here, the ball-milled boron is denoted by the initial B.
Magnesium ͑99%, 325 mesh͒, and the different boron powders with the nominal atomic ratio of Mg:B=1:2 were mixed through grinding and were put into Fe tubes with a length of 140 mm, an outer diameter of 10 mm, and an inner diameter of 8 mm. The packing process was carried out in air. Both ends of the tubes were sealed with aluminum pieces, and then the tubes were drawn to a wire with a diameter of 1.4 mm. Short wire samples ͑4 cm each͒ were sealed with Zr foil, then sintered with a heating rate of 5°C min −1 in flowing high purity Ar to 650-800°C and held at the final temperature for 30 min, followed by a furnace cooling to room temperature. The volume fraction of the superconducting core in the final wire was approximately 48%.
The boron powder particle size and distribution were determined by a JL-1166 Laser Particle Sizer ͑Chengdu, China͒ from Tangshan WeiHao. The phase and crystal structure of all the samples were investigated by x-ray diffraction ͑XRD͒. The crystal structure was refined with the aid of the program Jade ͑ver. 5.0͒. The grain morphology and the microstructure of the MgB 2 were studied by scanning electron microscopy ͑SEM͒. The transport current ͑I c ͒ at 4.2 K was measured by the standard dc four-probe resistive method with a criterion of 1 V cm −1 in magnetic fields up to 12 T. The magnetic J c ͑J cm ͒ was derived from the width of the magnetization loop using the extended Bean's model. T c was determined using the standard ac four-probe method. In addition, B c2 ͑T͒ and B irr ͑T͒ were defined as the fields where the temperature dependent resistance at constant magnetic field R͑B c2 , T͒ = 0.9R ns and R͑B irr , T͒ = 0.1R ns , respectively, with R ns being the normal state resistance near 40 K. Figure 1 shows the particle size distributions of ͑a͒ the as-supplied boron, P96, and ͑b͒ the ball-milled boron powder, BP96. It can be clearly seen that the average particle size of the original boron powder, P96, became smaller after ball milling. For example, the median value ͑D50͒ decreased from 0.84 to 0.24 m. The size distribution of the BP96 also became narrow. If we neglect the effect of the powder shape, the small particle size led to a more than twofold increase in the specific surface area, which may tend to improve the reactivity between the powders, even under the same solid reaction conditions. It is well known that the grain size of the MgB 2 as it is formed depends on the particle size of the boron powder. 11, 12 The small grains could act as strong flux pinning centers for MgB 2 . Therefore, it is not surprising that the MgB 2 prepared from the ball-milled boron powder ͑BP96͒ had small grain size and showed improved superconducting properties, especially high field performance.
III. RESULTS AND DISCUSSION
These can be further supported by microstructure observation. SEM images of MgB 2 wires made from ͑a͒ assupplied boron ͑P96͒ and ͑b͒ ball-milled boron powders ͑BP96͒, denoted as WPS700 and WBPS700, respectively, are shown in Fig. 2 , with all samples sintered at 700°C for 30 min. Here, the wire samples are identified by the initial W, and the sintering temperature is denoted by the numerals. It is clearly observed that the average grain size of the sample prepared from the ball-milled boron is much smaller than in the sample made from the as-supplied boron. It also seems to be more consolidated. From the crystallinity point of view, on the other hand, the sample prepared from the ball-milled boron showed poor crystallinity, as evidenced by the degradation of the transition temperature, to be discussed below. The crystallinity effect has already been reported in our previous work. 4 Better J c properties observed in samples that were heated at low temperatures and exhibit broad XRD peaks, in particular, ͑110͒ peak of MgB 2 , it is believed to be due to smaller grown grains with poor crystallinity, which increase pinning strength at the grain boundaries. 13 In general, the crystallinity, as reflected by the lattice parameters, secondary phases, and microstrain, is an important factor determining the T c . We also observed that the MgO fraction increased over the entire MgB 2 volume after ball milling, as evidenced by XRD measurements. The increased MgO may have caused loss of the initial stoichiometry, which affects the level of induced strain due to Mg deficiency. As the main secondary phase, we cannot neglect MgO in the matrix, although the MgO particles cannot be directly distinguished from the SEM images. Among our samples, the ball-milled samples ͑WBPS700͒ had a higher MgO intensity increase, approximately 9%, compare to samples ͑WPS700͒ prepared from as-supplied boron. Due to the large fraction of MgO, therefore, they showed increased ⌬ ͑ 300 K − 40 K ͒ and decreased RRR ͑ 300 K / 40 K ͒ values ͑as shown in Table I͒ , a degraded grain connectivity factor ͑A F ͒, and reduced transport critical current density ͑J ct ͒, which offset the strong pinning properties due to the effect of small grain size.
A comprehensive study comparing the positive "small grain size" and negative "weak connectivity" effects on the J ct was conducted. The J ct − B performance of the two kinds of the samples sintered at temperatures from 650 to 800°C, denoted by WPS650, WPS700, WPS800, WBPS650, WBPS700, and WBPS800, respectively, is shown in Fig. 3 . It can be clearly seen that J ct of samples prepared from the ball-milled boron showed better performance in the field range of 5-12 T. This indicates that ball milling causes reduction in the MgB 2 grain size, which could act as a source of strong pinning centers due to the increased number of grain boundaries, as mentioned above. However it was concluded that the ball milling could not help to improve the J ct at magnetic fields below 5 T. The inset shows the field dependences of the magnetic critical current density ͑J cm ͒ at 5 K and 20 K for WPS800 and WBPS800. Compared to the magnetic J cm under magnetic fields of 5-8 T, the transport J ct increment is lower from Fig. 4 , because the transport current capacity is the real useful J c that flows through the whole of the sample. That is to say, the difference between J cm and J ct in MgB 2 may be related to features of the microstructure of the superconducting MgB 2 core, such as porosity, agglom-FIG. 2. SEM images at two magnifications for ͑top͒ wire sample prepared from as-supplied boron, and ͑bottom͒ wire sample prepared from ball-milled boron. All samples were sintered at 700°C for 30 min. wires as a function of external magnetic field at 4.2 K. The inset shows the field dependences of the magnetic critical current density ͑J cm ͒ at 5 K and 20 K with WPS800 and WBPS800.
eration of superconducting crystals, and fraction of MgO as the main secondary phase. These could have negative effects on the J ct , by acting as obstacles to current flow. Quite interestingly, the effects of these obstacles do not appear in magnetic loop measurements. That is why the magnetic J cm does not represent the real J c of MgB 2 wires. 8 According to the Rowell connectivity analysis, the calculated active cross-sectional area fraction ͑A F ͒ represents the connectivity factor between adjacent grains. 14, 15 From the inset of Fig. 4 shows, the A F for all samples increased as the sintering temperature increased. This indicates that additional grain growth occurs due to high temperature sintering. The larger grains are also accompanied by improved density and grain connectivity. Thus the A F increases. Yamamoto and co-workers 5, 6 found the critical current density is approximately proportional to the electrical connectivity, the elementary pinning force of grain boundaries, and the reciprocal grain size. So, the connectivity between the grains of the ball-milling samples should be further improved for industrial applications.
This can be further supported by the RRR ͑ 300 K / 40 K ͒ values from Table I . The RRR values for all samples were decreased through low temperature sintering, as well as by ball milling. A large RRR is an important determinant of a high quality sample. In particular, an increased 40 K value is due to increased impurity scattering in the lattice. That is to say, it causes an increase in the lattice strain, resulting in degradation of the transition temperature.
If disorder is an important factor affecting the transition temperature of MgB 2 samples, there should be a relation between the resistivity and the transition temperature. In a previous review, the Testardi correlation, an empirical relation between the RRR and the transition temperature, was discussed in connection with Nb-Ge film. 16 As shown in Fig.  5͑a͒ , we found that the critical temperature shows a dependence on the RRR, which can be expressed by a simple linear function. A more interesting correlation is suggested in a recent review of Eisterer between the transition temperature and the normalized resistivity, 17 the ratio of the residual resistivity to the difference in resistivity between 300 and 40 K, norm = 40 K / ⌬, where ⌬ = 300 K − 40 K . Various reported data were compared, and it was argued that the transition temperature can be described by a simple linear relation, T c = ͑39.43− 2.515 norm ͒ K. We found that our data are also compatible with a similar linear relation: T c = ͑39.36 − 1.67 norm ͒ K, as shown in Fig. 5͑b͒ . 18 Thus, degradation of the transition temperature is strong evidence of poor crystallinity and connectivity.
From the resistance ͑R͒-temperature ͑T͒ curves, the temperature dependence of B c2 and B irr for all the samples is shown in Fig. 6 . As can be seen in the Figure, J ct ͑B͒ at 4.2 K, that is, a significant increase in the upper critical field, B c2 , is the main cause of the enhancement of the critical current density, J c , in the high field region. Also, the B c2 − T curves of the samples show that a low sintering temperature is better than a high one, which indicates that more defects or poor crystallinity within grains induces lattice strain, decreases T c , and increases B c2 .
IV. CONCLUSIONS
In summary, a comprehensive study of ball-milling effects on the transport critical current density ͑J ct ͒ and grain connectivity factor ͑A F ͒ of MgB 2 / Fe wires has been conducted. We observed that lattice disorder increased due to the ball milling. It caused both a slight reduction in the transition temperature and degradation of connectivity. The reduction in the transition temperature can change the upper critical field, so that the upper critical field is mostly affected by the lattice disorder. A significant increase in the upper critical field is the main cause for the enhancement of the critical current in the high field region. On the other hand, high temperature sintering in all types of samples can improve J ct in the low field region because it leads to good grain connectivity.
